Background
==========

Successful transmission of excitation from one myocardial cell to the next contiguous myocardial cell can occur without the necessity of gj-channels between the cells. This has been demonstrated to be possible in theoretical and modeling studies by Sperelakis and colleagues \[[@B1]-[@B4]\]. In addition, the essential phenomenon in electric field (EF) transmission has been confirmed by other laboratories, \[[@B5]-[@B7]\]. As was stated in the 1977 paper of Sperelakis and Mann \[[@B1]\], for the EF mechanism to work successfully, the junctional membrane must be more excitable than the contiguous surface sarcolemma. The fact that the junctional membranes (i.e., the intercalated disks) have a higher concentration (density) of fast Na^+^channels than the surface sarcolemma \[[@B6],[@B8]-[@B10]\] should cause them to be more excitable than the surface membrane.

Kucera et al. \[[@B10]\] did a simulation study of cardiac muscle in which they determined how conduction velocity varied as a function of the gap-junction resistance (i.e., number of gj-channels) while varying the fraction of fast I~Na~channels located in the junctional membranes. For a 10 nm (100 Å) cleft width and 50% of the I~Na~channel located in the junctional membranes, they found that conduction still occurred at a velocity of about 20 cm/sec when cell coupling was reduced to 10% of normal. Velocity was about 10 cm/sec when coupling was 1% of normal. Consistent with our previous report \[[@B11]\] they observed that the EF mechanism actually slowed velocity by a significant amount when there was strong (\"normal\") coupling.

In biological studies on connexon43 knockout mice, and therefore virtually absent in gj-channels in their hearts, it was shown that propagation velocity only was slowed, but not blocked \[[@B12]-[@B15]\]. And these mice survive. Therefore, it seems clear that the presence of gj-channels is not essential for propagation of excitation in the heart. But when hearts do contain gj-channels (e.g., mammals and adult birds), propagation velocity is speeded up. The PSpice simulation studies suggest that too many gj-channels (e.g., more than 100 channels per junction) causes the propagation velocity to greatly exceed the physiological range. In biological experiments, Rohr et al. \[[@B7]\] found that partial uncoupling of the heart (using 10 μm palmitoleic acid) actually improved impulse conduction by converting unidirectional block to bidirectional propagation (although slower).

Transverse propagation was previously found to occur in a two-dimensional model of cardiac muscle using the PSpice software program for electronic circuit design and analysis \[[@B16]-[@B19]\]. Longitudinal propagation within each chain and transverse propagation between parallel chains occurred even when there were no gap-junction (g-j) channels inserted between the simulated myocardial cells either longitudinally or transversely. The transverse propagation is probably mediated by the interstitial potential that develops \[[@B16]-[@B20]\]. In previous studies, there were pronounced edge (boundary) effects and end-effects even within single chains \[[@B16],[@B20]\]. Transverse velocity increased with increase in model size. The present study was performed to examine boundary effects on transverse propagation velocity when the length of the chains was held constant at 10 cells and the number of parallel chains was varied from 3 to 20.

Methods
=======

The methods used and the modeling with PSpice were given in great detail in previous papers \[[@B21],[@B22]\]. In brief, each myocardial cell was simulated by four basic circuit units; two for the surface sarcolemma (one depicted upwards and one downwards) and one for each junctional membrane at the two ends of the cell (Fig. [1](#F1){ref-type="fig"}). The cell junctions contained a transverse resistance, the radial resistance of the junctional cleft (R~jc~). The standard value used for R~jc~was 25 MΩ (two 50 MΩ resistors in parallel).

![The model for cardiac muscle used for PSpice analysis of propagation. Each chain contained 10 cells, connected longitudinally by cell junctions. The number of chains placed in parallel was varied from 3 (chains A-C), to 5 (chains A-E), to 7 (chains A-G), to 10 (chains A-J), and to 20 (chains A-T). The longitudinal resistance between chains (R~ol2~) had a standard value of 200 KΩ.](1475-925X-5-46-1){#F1}

A shunt resistance (R~gj~, resistance of the gap junction channels) was placed across each cell junction, i.e., from one cell interior to the next (Fig. [1](#F1){ref-type="fig"}). It was assumed that each gj-channel had a conductance of 100 pS, so R~gj~was 100 MΩ when 100 gj-channels were inserted, and 100,000 MΩ when no gj-channels were present.

When present, the transverse gj-channels were placed only at the ends of each chain, i.e., between cells A10 and B10, B1 and C1, C10 and D10, D1 and E1, etc. Thus, propagation could occur in a zigzag pattern \[[@B23]\]. The length of the chains was held constant at 10 cells (cell 1, cell 2, etc), and the number of chains in parallel was varied from 3 to 20 (namely, 3, 5, 7, 10, and 20) (chain A, chain B, etc). Stimulating pulses were applied intracellularly between cells A1 and A2 (rectangular current pulses of 0.25 nA amplitude and 0.25 ms duration).

Overall velocity (θ~ov~) was calculated from the measured TPT, and assuming that the AP impulse traveled down each chain of 10 cells in succession. The myocardial cells were assumed to be cylinders 150 μm long and 16 μm in diameter. For example, in the 10 × 10 model, the following equation would apply:
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Then, the transverse velocity (θ~tr~) was calculated from the following equation:

![](1475-925X-5-46-i2.gif)

Hence, for given TPT, the overall velocity would be greater by 93.75 × the transverse velocity.

Results
=======

The AP records obtained when there were no gj-channels (0/0) are shown in Figure [2](#F2){ref-type="fig"} for 3 parallel chains (A), 5 parallel chains (B), 7 chains (C), and 10 chains (D). Voltage markers were placed in only cells 1, 5, and 10 of each chain to reduce the complexity. The measured TPT values were 15.6 ms (A), 17.1 ms (B), 18.4 ms (C), and 17.6 ms (D). The calculated transverse velocity values were, respectively, 0.21, 0.37, 0.52, 0.82 and 1.69 cm/sec (Table [2](#T2){ref-type="table"}). The calculated overall velocity values were, respectively, 27.9 cm/sec, 43.0 cm/sec, 56.3 cm/sec, and 84.4 cm/sec (Table [2](#T2){ref-type="table"}).

![AP records obtained in the model for cardiac muscle when there were no gj-channels, either longitudinally or transversely (0/0). A: 3 chains in parallel. B: 5 chains in parallel. C: 7 chains in parallel. D: 10 chains in parallel. Voltage probes were placed only in cells 1, 5 and 10 of each chain in order to reduce the complexity.](1475-925X-5-46-2){#F2}

The AP records recorded when there were 100 gj-channels, both longitudinally and transversely (100/100) are shown in Figure [3](#F3){ref-type="fig"} for 3 parallel chain (A), 5 parallel chain (B), 7 chains (C), and 10 chains (D). Voltage markers were present in only cells 1, 5, and 10 of each chain. The measured TPT values were 1.9 ms (A), 3.9 ms (B), 5.8 ms (C), and 8.6 ms (D). The calculated transverse velocity values were, respectively, 1.68, 1.64, 1.66, 1.67 and 2.00 cm/sec (Table [2](#T2){ref-type="table"}). The calculated overall velocity values were, respectively, 229, 189, 178, and 173 cm/sec (Table [2](#T2){ref-type="table"}). Note that the latent period to the first AP was markedly increased compared to that in Figure [2](#F2){ref-type="fig"} as expected, because with high cell coupling, it is more difficult to produce excitation with a fixed stimulus.

![AP records obtained in the cardiac muscle model when there were many (100) gj-channels, both longitudinally and transversely (100/100). The transverse gj-channels were placed only at the ends of the chains (e.g., at cells A10-B10, cells B1-C1, cells C10-D10, etc), giving a zigzag pattern. Voltage probes were placed only in cells 1, 5, and 10 of each chain. A: 3 chains in parallel. B: 5 chains in parallel. C: 7 chains in parallel. D: 10 chains in parallel.](1475-925X-5-46-3){#F3}

The AP records obtained in the 10 × 20 model are shown in Figure [4](#F4){ref-type="fig"} for different degrees of cell coupling: 0/0 (A), 1/1 (B), 10/10 (C), and 100/100 (D). The voltage markers were placed in only the two end cells of each chain (cells 1 and 10), to reduce complexity. The TPT values were 18.0 ms (A), 17.3 ms (B), 17.0 ms (C), and 15.2 ms (D). The calculated transverse velocity values were, respectively, 17, 18, 18, and 18 cm/sec. The calculated overall velocity values were, respectively, 166, 173, 176, and 196 cm/sec. The latent period of the first AP was increased as more and more gj-channels were added, as expected (panels B -- D). The latent period in Fig [4D](#F4){ref-type="fig"} is much larger than that in Fig [2D](#F2){ref-type="fig"}, for the same number of gj-channels, because the size of the interconnected network has been doubled (10 parallel chains to 20).

![Cardiac action potential records obtained from the 10 × 20 model (10 cells per chain, 20 parallel chains) for different numbers of gj-channels. The number of gj-channels, longitudinal to transverse, is indicated as a ratio. A: 0/0 channels. B: 1/1 channels. C: 10/10 channels. D: 100/100 channels. Voltage probes were placed only in the end cells of each chain (cells 1 and 10), to reduce complexity.](1475-925X-5-46-4){#F4}

A graphic summary of the data for 0/0 and 100/100 gj-channels are given in Figure [5](#F5){ref-type="fig"}. Panel A gives the measured TPT values as a function of the number of parallel chains, panel B gives the calculated transverse velocity as a function of number of parallel chains, and panel C gives the calculated overall velocity as a function of number of parallel chains. Note that both velocities increase almost linearly with increase in number of chains.

![Graphic summary of the results obtained for no gj-channels (0/0) or 100 gj-channels (100/100). The number of parallel chains is given on the abscissa. A: TPT measured. B: Transverse velocity calculated from the TPT and distance traveled. C: Overall velocity calculated from the TPT and distance traveled. The myocardial cells were assumed to be 150 μm in length and 16 μm in diameter.](1475-925X-5-46-5){#F5}

Discussion
==========

We had previously assessed the effect of size of model on transverse propagation velocity by comparing the transverse velocity on square models of different sizes, namely 3 × 3, 5 × 5, and 7 × 7. However, a rectangular model, where one dimension is held constant at 10 cells, should give a more accurate assessment of the boundary/edge effects (e.g., see Wang et al. \[[@B20]\]) on transverse velocity. Therefore, 10 × 3, 10 × 5, 10 × 7, 10 × 10, and 10 × 20 models were used for comparison. In addition, the transverse velocities were compared at two different degrees of cell coupling, namely 0/0 and 100/100. It was found that transverse velocity (Fig. [5B](#F5){ref-type="fig"}) and overall velocity (Fig. [5C](#F5){ref-type="fig"}) both increased almost linearly with increase in number of parallel chains when there were no gj-channels (0/0). In contrast, when there was high cell coupling (100/100), the transverse velocity (Fig. [5B](#F5){ref-type="fig"}) and overall velocity (Fig. [5C](#F5){ref-type="fig"}) were nearly flat. Consistent with this, the TPT for 100/100 increased almost linearly, and that for 0/0 was almost flat (Fig. [5A](#F5){ref-type="fig"}).

The conclusion that there is lesser and lesser effect of gj-channels in larger and larger networks is consistent with the fact that the ratios of TPT, 0/0 to 100/100, and of transverse velocity and overall velocity becomes lower and lower as the size of the network is increased (Table [2](#T2){ref-type="table"}).

Figure [5](#F5){ref-type="fig"} also indicates that the facilitory or potentiating effect of many gj-channels on transverse velocity and overall velocity, as compared to the pure electric field (EF) mechanism (0/0), becomes less and less as the network is increased in size. That is, the two curves are converging. This suggests that the EF mechanism alone can account for the measured propagation velocities in the intact myocardium.

Figure [5](#F5){ref-type="fig"}, in addition, indicates that the boundary/edge effects are less important when there is high cell coupling, because transverse velocity and overall velocity are relatively flat with increase in number of parallel chains. In contrast, when there are no gj-channels (0/0), transverse velocity and overall velocity keep increasing with increase in number of parallel chains \[[@B24]\]. This suggests that the edge effects act to slow velocity, in agreement with our previous report \[[@B16],[@B19]\]. Presumably, velocity should saturate or level off when the number of parallel chains is increased sufficiently.

Related to this is the fact that the propagation velocity in the first half of the network (chains A-J) is speeded up when another 10 chains are added in parallel (chains K-T), as can be seen in Figure [2](#F2){ref-type="fig"}. Thus, adding the second half of the network speeds propagation in the first half because the edge effect is pushed further downstream.

Although Figure [5](#F5){ref-type="fig"} and Table [2](#T2){ref-type="table"} show velocities that are higher than those found physiologically in the intact heart, the absolute values can be reduced by decreasing the excitability of the basic circuit units. We previously demonstrated that decreasing the excitability of the basic units slows propagation velocity \[[@B25]\].

When there were no gj-channels (0/0), there was usually a large delay between the first AP (from stimulated cell A1 -- A2) and the second AP recorded. This delay could be reduced by increasing R~BT~, the bundle termination resistances at the two ends of the bundle. Adding a capacitance in series with R~BT~also acted to reduce this delay. We believe that this peculiar delay is due to an edge effect at the top of the network. When a cell pair near the middle of the network was stimulated (instead of cells A1 -- A2), then no such delay was observed.

Transverse propagation is known to occur physiologically in cardiac muscle through the thickness of the ventricular wall (i.e., transmurally), from the endocardial surface to the epicardial surface \[[@B26],[@B27]\]. The transmural conduction velocity in canine heart was substantially faster in the endo to epi direction (48 ± 6 cm/sec) than in the reverse direction (37 ± 6 cm/sec) \[[@B26]\]. There were heterogenties in number of gap junctions through the wall thickness. Since the physiological transverse conduction velocity is much higher than what we have obtained for transverse transmission by the EF mechanism, there must be gap junctions oriented in the transverse direction.

In summary, the present study demonstrates that strong edge effects affect transverse velocity and overall velocity when there are no gj-channels (0/0 category). Thus, propagation by the EF mechanism is slowed by edges. In contrast, when there is strong cell coupling, transverse velocity and overall velocity are not much affected by edge effects. If the network is large enough, propagation by the EF mechanism is almost as fast as in the case of high coupling.

Study limitations
-----------------

The present study has some limitations. (1) First, the 20 × 10 model size used is relatively small as compared to regions of the intact heart. Therefore, the importance of the edge effects described here is unclear with respect to relevance to the whole heart. (2) Second, the computational method used here has some limitations in comparison to some other methods that have been used \[[@B28]-[@B31]\]. (3) Third, the placement of the transverse gj-channel only at the ends of the chains, to create a zigzag pattern of transverse propagation, may not represent the situation in normal intact heart. However, a zigzag pathway has been observed in canine atria under pathophysiological conditions \[[@B23]\]. (4) Fourth, when there were no longitudinal or transverse gj-channels, the junctional delays were longer than those reported experimentally \[[@B6],[@B31]\]. (5) The importance and relevance of edge effects in intact heart is not clear at the present time, but the ventricular wall contains several layers of fibers running in different directions.

###### 

Parameter values used under standard conditions.

  **Parameters**   **Values**
  ---------------- --------------
  C~m~             300 fF (30)
  R~K~             71 MΩ(710)
  R~Na~            710 MΩ(7100)
  E~K~             -94 mV
  E~Na~            +60 mV
  R~d~             5000 MΩ
  C~d~             30 pF
  R~or~            1.0 KΩ
  R~ol~            1.0 KΩ
  Ri               500 KΩ
  R~jc~            25 (50/2) MΩ
  R~BT~            200 KΩ

Values for the junctional units are given in parentheses

C~m~= Total cell capacitance

R~K~= Potassium resistance

R~Na~= Sodium resistance

E~K~= Potassium equilibrium potential

E~Na~= Sodium equilibrium potential

R~d~= Resistance in delay circuit for second black-box to bring about AP repolarization

C~d~= Capacitance in delay circuit for second black-box bring about AP repolarization

R~or~= Radial resistance of external fluid

R~ol~= Longitudinal resistance of external fluid

R~i~= Longitudinal resistance of intracellular fluid

R~jc~= Radial resistance of junctional cleft

R~BT~= Bundle termination resistance

###### 

Summary of the results obtained for cardiac muscle

  **No. of Chains in parallel**   **TPT (msec)**   **Transverse velocity (cm/sec)**   **Overall velocity (cm/sec)**   **Ratios**                                                 
  ------------------------------- ---------------- ---------------------------------- ------------------------------- ------------ ------ ------ ------ ------ ----- ----- ----- -----
  **3**                           15.6             6.6                                1.9                             0.21         0.48   1.68   27.9   65.9   229   8.2   8.0   8.2
  **5**                           17.1             11.0                               3.9                             0.37         0.58   1.64   43.0   66.8   189   4.4   4.4   4.4
  **7**                           18.4             12.9                               5.8                             0.52         0.74   1.66   56.3   80.2   178   3.2   3.2   3.2
  **10**                          17.6             16.8                               8.6                             0.82         0.86   1.67   84.4   88.4   173   2.0   2.0   2.0
  **20**                          18.0             17.2                               15.2                            1.69         1.77   2.00   166    174    196   1.2   1.2   1.2

Each chain consisted of 10 cells, and the number of chains placed in parallel was varied from 3 to 20.

The number of gj-channels, longitudinally and transversely, is indicated by the column headings: 0/0, 100/0, and 100/100.

TPT is the total propagation time, measured as the elapsed time between when the first AP and last AP crossed the zero potential level.

Overall velocity (both longitudinal and transverse components) was calculated from the measured TPT and the distance traveled. Each myocardial cell was assumed to be 150 μm in length and 16 μm in diameter.
